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ABSTRACT
The paper investigates the effect of adding a phase change material in thermal contact with the evaporator in a natural convection domestic refrigerator. The enthalpy method has been applied to investigate the heat release and storage rate of encapsulated ice. The effect of three parameters was investigated by the numerical method: PCM thickness, ambient temperature and evaporating temperature. The results showed that the melting and freezing time increased proportionally with PCM thickness. The refrigerator autonomy was reduced by 48% when the ambient temperature was increased from 20°C to 43°C and the freezing time increased by 27% when the evaporating temperature was reduced from -10°C to -15°C. 
A CFD simulation of the airflow and temperature distribution in the natural convection refrigerator was carried out to evaluate the most effective position to place the PCM (top or back wall). The predicted airflow patterns and temperature profiles were considerably different for the two PCM orientations. The predicted air temperature was above 5ºC, thus a eutectic PCM may be required to reduce the temperature in the refrigerator compartment.
1.	INTRODUCTION
Climate change caused by the excessive release of greenhouse gas emissions into atmosphere is threatening to deteriorate life conditions on Earth. Refrigeration and air-conditioning play a significant role in this picture since they are responsible for 15% of the total worldwide electricity consumption (IIR, 2003).  Domestic refrigeration is one of the main contributors to the total global warming impact, representing 18% of the cooling sector (Heap, 2001). Although direct GHG emissions from domestic refrigerators have been greatly reduced by the introduction of hydrocarbon refrigerants their indirect emissions remain very high due to refrigerator continuous operation. Current mandatory energy standards and energy labelling programs provide some regulation to the domestic refrigeration market by setting targets to manufacturers.
However, numerous studies have shown that domestic refrigerators run at higher temperature than recommended by health and food safety legislation during real usage operation. In fact an analysis of various surveys reported in the last 30 years has shown that 61.2% of refrigerators throughout the world run at temperatures above 5°C (Laguerre et al., 2002; James et al., 2007). 
There are currently three types of domestic refrigerators in the market: static, fan assisted and frost free; these distinctions indicate differences in the airflow and heat transfer mechanism within the refrigerated compartment. In static refrigerators heat is transferred by natural convection, which produces a buoyant airflow. The evaporator position within the compartment (horizontal/vertical) determinates the position of warm and cold zones. A more homogeneous temperature can be obtained by introducing a fan to the static refrigerator or by forcing air through the evaporator in a frost free model. According to an IPCC report (2005) 68% of the domestic refrigerators and freezers are frost free appliances. Although the temperature stability is better in forced convection refrigerators than in conventional static refrigerators their energy consumption is also considerably higher.
The energy consumption of refrigerators is affected by ambient temperature, product loading and number of door openings, thermostat setting position and refrigerant migration during the compressor off-cycle. As the main load to the cabinet results from conduction through the cabinet walls, replacing standard polyurethane foam by vacuum insulated panels (VIPs) can result in energy savings up to 25% (Manini et al., 2005). The compressor on the other hand consumes more than 80% of the total energy used by the appliance (Jähnig et al., 2000). Employing a variable speed compressor (VSC) that adjusts refrigeration capacity to the load can produce an energy reduction of 40% (Bansal, 2003). Although these two technologies, VIPs and VSCs are very promising they are also very expensive, which limits they application to premium appliances.
The use of phase change materials (PCMs) to accumulate thermal energy in domestic refrigerators is a new and cheap solution to improve the energy efficiency of these appliances. The cooling capacity stored in the PCM can be used to stabilize the temperature in the compartment, by reducing the effects of peak loads and cooling losses during periods when the door is open. Azzouz et al. (2009) have previously tested a natural convection domestic refrigerator with 5 and 10 × 10-3 m (i.e. 5 and 10 mm) ice slabs in contact with the evaporator. Their results showed that the refrigerator autonomy increased from 5 to 9 hours depending on the thermal load. It was observed that the 10 mm slab was never completely frozen, probably due to the low thermal conductivity of the PCM and low cooling capacity of the 5 × 10-6 m3 (i.e. 5 cm3) swept volume compressor employed.
Previous research demonstrated that for current single speed compressors, efficiency increases with compressor size. The compressor performance was analysed for different displacement models (4 to 11cm3) under typical refrigerator operating conditions to investigate the respective influence on the refrigerator efficiency. The operating conditions considered were an ambient temperature of 25°C, condensing temperature of 35°C, evaporator superheat of 1K and compressor suction temperature of 15°C. The isentropic efficiency for each compressor swept volume was calculated using the CoolPack software, version 1.46 (2001) and was found to increase from 0.4 to 0.6 as the displacement increased from 4 to 8cm3. Replacing the 4 cm3 compressor by an 8 cm3 model on a static refrigerator with external dimensions 0.85×0.55×0.56 m resulted in an energy reduction of 17% and the run time of the appliance decreased from 20% to 9% (Marques et al. 2010). An effective way to exploit this higher performance is to accumulate the excess cooling capacity in a PCM. A further advantage of a larger compressor is that the increased cooling capacity enables more rapid freezing of the PCM. This will permit the compressor off-cycle time to be increased, thereby saving energy.
The next section of the current paper investigates the heat release and storage rate of encapsulated ice, used as the thermal energy storage material in the refrigerator. The mathematical model for the phase change presented is based on the enthalpy method and the governing equations were discretized on a fixed grid using the finite difference method. The influence of PCM thicknesses (2, 3, 4 and 5 mm slabs), ambient temperature (20°C, 25°C, 30°C and 43°C) and evaporating temperature (-15°C and -10°C) have been investigated. Knowledge of the effects of these factors is a valuable aid in the design and operation of a thermal storage refrigerator.
The remainder of the paper describes a simulation of the airflow and temperature distribution in the natural convection refrigerator carried out using the commercial CFD code Fluent 12.0. The aim was to evaluate the most effective position to place the PCM (top or back wall) by studding the respective effect on the airflow patterns and temperature distribution within the refrigerator cavity.

2. PCM HEAT RELEASE AND STORAGE RATE MODEL

Phase change problems are transient in nature as the temperature within the material varies with time and position. During the melting and solidification processes the solid/liquid interface moves according to the speed at which the latent heat is absorbed or lost at the boundary. As a result the position of the boundary is not know and has to be determined as part of the solution (Verma et al., 2006).

2.1 Mathematical formulation
The phase change material employed was water due to its high latent heat content and sharp freezing/melting point. The top surface of the water container was placed in thermal contact with the refrigerator evaporator, while the bottom surface of the enclosure was subjected to natural convection from the refrigerator compartment. The side walls of the container were insulated, thus heat transfer within the PCM was assumed to be one dimensional. The following assumptions were considered to simplify the mathematical model:

1.	The thermophysical properties of the PCM (e.g. thermal conductivity and specific heat) were constant and different for each phase
2.	The latent heat was constant and released or absorbed at a fixed phase change temperature
3.	The density remained constant 
4.	The convection in the melted regions was neglected 
5.	Subcooling effects were assumed to be non-existent
6.	The PCM container was very thin and had a negligible effect on the rate of heat transfer between the refrigerated compartment and the PCM

It was assumed that conduction was the only heat transfer mechanism occurring inside the PCM. The conservation of energy in the solid and liquid phases is described by differential equations 1 and 2 respectively,

    for 0 < y < s(t), t > 0								          		     (1)

   for s(t) < y < B, t > 0											     (2)

Where T is temperature, t is time, α is the thermal diffusivity and s is the interface location in y direction. The subscripts sol and liq refer to the solid and liquid phases respectively. The energy balance at the interface is obtained from equation 3.

   at y = s(t), t > 0									  	     (3)

Where ρ is density, λ is the latent heat released during solidification and absorbed during melting and k is the thermal conductivity. 
The boundary condition applied to the bottom surface of the PCM was a heat load. This heat load (Qfridge) was calculated in a previous study for a refrigerator with external dimensions of 0.85×0.55×0.56 m at various ambient conditions (Marques et al. 2010). At the top boundary a cooling capacity (Qevaporator) was applied during the freezing process. This cooling capacity was estimated for an 8cm3 compressor model evaporating at -10°C. It was assumed that the PCM was initially completely solid at the melting temperature (0°C) during the melting process and liquid at the refrigerator temperature (5°C) during the freezing process.

2.2 Numerical solution
The algebraic approximations normally used to solve differential equations 1 to 3 require the phase change boundary to be tracked within the PCM volume. The enthalpy method was applied to simplify the problem as it eliminates the necessity to trace the solid-liquid interface. The energy equations 1 and 2 were re-written by replacing temperature with total enthalpy. The problem was solved numerically using the explicit finite differences method (Alexiades and Solomon, 1993), where the PCM (0.46×0.45×x m) was divided into a number of equal layers and equation 4 was applied to each layer.

						    	     (4)

At the boundaries, either Δt × Qfridge or Δt × Qevaporator replaced one of the terms in equation 4. The thermal conductivity was defined in function of the enthalpy values: ksol for H < (mLλ)/2 and kliq for H ≥ (mLλ)/2. 
The temperature was then obtained from the enthalpy values using one of the three relationships shown below, as appropriate. 
									               (5)
In order to ensure convergence the time step and layer thickness were selected to comply with the following criteria: (Δt/Δy2) < (ρcp/2k). The boundary conditions used to calculate the PCM charge and discharge time are shown in Table 1. 

Table 1: Boundary conditions used during the freezing and melting processes 
	

2.3 Effect of PCM thickness on the charge and discharge rate
The total storage capacity for the PCM considered varies between 127 kJ for 2mm slab and 316 kJ for a 5mm slab. For the analysis of the PCM charge and discharge rate with different thicknesses, a refrigerator heat load of 23.52W was assumed, which corresponded to an ambient temperature of 25°C. The compressor was off during the melting process but on with a cooling capacity of 262W during the freezing process, which corresponded to an evaporating temperature of -10°C. The influence of thickness on the PCM melting and freezing time is shown in Figures 1 and 2 respectively.
      

Figure 1: Effect of thickness on the PCM			 Figure 2: Effect of thickness on the PCM
	      melting time					               	       freezing time

From Figure 1 it can be seen that the melting time increased from 119 minutes (i.e. 7140 s) to 291 minutes (i.e. 17460 s) as the PCM thickness increased from 2 mm to 5 mm. The freezing time was 25 minutes for the 2 mm slab and 62 minutes for the 5 mm slab.

2.3 Effect of ambient temperature on the charge and discharge rate
The effect of ambient temperature on the PCM charge and discharge rate was evaluated for a 2 mm PCM slab. The fridge heat load and cooling capacity for the range of ambient temperatures considered are listed in Table 1. Figures 3 and 4 demonstrate the influence ambient temperature on the PCM melting and freezing times.
       

Figure 3: Effect of ambient temperature on the    		 Figure 4: Effect of ambient temperature on
	      PCM melting time				                            the PCM freezing time
The melting time decreased from 145 minutes to 70 minutes when the ambient temperature increased from 20°C to 43°C, which corresponds to a refrigerator autonomy reduction of 48%. 
Figure 4 shows that the freezing time increases slightly with ambient temperature and it takes an additional 12 minutes to freeze the PCM at 43°C ambient rather than at 20°C.

2.4 Effect of evaporating temperature on the charge and discharge rate 
The influence of evaporating temperature on the PCM freezing time was estimated using the cooling capacity of an 8 cm3 compressor operating at -10°C (262W) or -15°C (213W) under a constant ambient temperature of 25°C. The analysis was performed for a 2 mm PCM slab. The impact of evaporating temperature on the PCM freezing time is illustrated in Figure 5.


Figure 5: Effect of evaporating temperature on the PCM freezing time





The commercial software Fluent 12.0 was used to simulate the airflow and temperature distribution within the natural convection refrigerator. The aim was to model the effect of the PCM position (top or back wall) on the refrigerator airflow pattern and temperature profile.

3.1 Assumptions and boundary conditions
Only half of the refrigerator (internal dimensions: 0.75×0.45×0.23 m) was modelled due to the symmetry of the parallelepiped geometry. The resultant hexahedral mesh had 455,400 cells, which were made finer near the walls to account for the thermal boundary layers. In order to simplify the model the PCM was not physically modelled, instead was applied as a boundary condition of constant temperature (0°C) either to the top or back wall of the refrigerator. The thin wall approach was applied to the other walls, which were subjected to a constant external temperature of 25°C. The thin wall approach artificially models the thermal resistance of the wall in the normal direction using the material thermal conductivity and thickness. In this case the wall insulation was polyurethane with a thermal conductivity of 0.026Wm-1K-1, 50mm thick. 

3.2. Natural convection and radiation models
The Rayleigh number was calculated for both PCM orientations (horizontal/vertical), based on the characteristic length of the PCM and the temperature difference between the PCM surface and the average internal air (assumed to be 5°C). The calculated Rayleigh number was 1×106 for the horizontal PCM and 3×108 for the vertical PCM, thus as a laminar flow model was applied for both cases since Ra < 109.
All physical properties were assumed to be constant except for the air density that used the boussinesq approximation shown in equation 6.

													     (6)

The Boussinesq approach assumes the air density is uniform except for the buoyancy term in the momentum equation, this approximation is valid when the variations in air temperature are small, which is the case.
Laguerre and Flick (2004) have shown that the radiation heat transfer coefficient in refrigerators is in the same order of magnitude of the natural convection heat transfer coefficient; hence radiation cannot be ignored in the domestic refrigerator. The radiation between the refrigerator surfaces was taken into account using the discrete ordinates radiation model (Colomer et al., 2004; Ben Amara et al., 2008).
For transparent media, air with negligible absorption and diffusion, the radiation transfer equation in the direction is obtained from equation 7.

														     (7)

Where is the radiative intensity in the direction at the 	position. The refrigerator walls were modelled as gray diffuse and the net radiative flux leaving the surface is given by equation 8.

													     (8)
 
Where, n is the refractive index of the medium next to the wall,  is the wall emissivity,  is Boltzmann's constant and Tw is the wall temperature. An angular discretization analysis was carried out to ensure the results were not affected by the solid angle subdivisions.
The equations were solved in steady state using the finite volume method with a sequential solver. The solver employed the SIMPLE pressure-velocity coupling method. The pressure was discretized using the PRESTO scheme and the equations of momentum, energy and radiation were solved using second order upwind discretization.

3.3. Simulation results with the PCM in the back wall
The airflow and temperature distribution inside the refrigerator compartment with the PCM positioned in the back wall are shown in Figures 6 and 7 respectively.
					

Figure 6: Velocity vectors (ms-1) 				Figure 7: Contours of static temperature (°C) 
	       with the PCM in the back wall				       with the PCM in the back wall
  			




3.4. Simulation results with the PCM in the top wall
The airflow circulation and temperature profile within the refrigerator cavity with the PCM positioned in the top wall are illustrated in Figures 8 and 9 respectively.
					

Figure 8: Velocity vectors (ms-1) 				Figure 9: Contours of static temperature (°C) 
	       with the PCM in the top wall				       with the PCM in the top wall

The velocity vectors coloured by velocity magnitude are presented in Figure 8. As can be seen the cold denser air flows along the PCM towards the its centre and then moves down to the bottom of the cavity producing recirculation in the bottom corners as the flow is directed upwards along the warm walls of the enclosure. The cold wall in the top of the refrigerator produces higher velocities and generates two vortices that circulate in opposite directions.  The contours of static temperature illustrated in Figure 9 show more homogeneous temperature distribution than the one found with the PCM positioned on the back wall. 




The PCM heat release and storage model showed that the melting and freezing time increases proportionally with PCM thickness. The combination of a thin PCM slab (< 5 mm) with a large displacement compressor, enabled with an increased cooling capacity, enhances the refrigerator autonomy and efficiency. The numerical model has shown that the refrigerator autonomy was strongly affected by the refrigerator heat load and compressor cooling capacity. An increase in ambient temperature from 20°C to 43°C resulted in a 48% reduction in autonomy. The freezing time was found to increase by 27% when the evaporating temperature was reduced from -10°C to -15°C.
The CFD simulation has shown that placing the PCM in the refrigerator back wall produces a circular airflow pattern along the walls with a stagnant core in the centre of the cavity resulting in thermal stratification with a warmer zone at the top. Positioning the PCM in the refrigerator roof produced a more homogeneous temperature in the compartment than with the PCM placed in the back wall. The cold air flowed along the PCM towards the centre of the cavity, producing two vortices circulating in opposite directions. The predicted air temperature in the natural convection thermal storage refrigerator was above 5ºC and a eutectic PCM may be required to reduce the temperature in the compartment.
Future research will validate experimentally both the PCM heat release and storage rate model and the CFD airflow and temperature profile predictions. 
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AL	     m2		  Area	of layer				Greek symbols		
B	     m		  PCM thickness			α        m2s-1	    Thermal diffusivity
H	     J		  Enthalpy change			β	K-1	    Thermal expansion coefficient
     Wm-2	  Radiative intensity  		εW		    Wall Emissivity
k	     Wm-1K-1	  Thermal conductivity  		λ        Jkg-1	     Latent heat of fusion
mL	     kg		  Mass of layer			ρ        kgm-3	     Density
n			  Refractive index			ρ0       kgm-3	     Operating Density
PCM                        Phase Change Material		σ	               Stephan-Boltzmann constant
Qevaporator W		  Cooling capacity				Subscripts
Qfridge	     W		  Refrigerator heat gain		liq            Liquid
qout	     Wm-2	  Net radiative flux			mel	      Melting point
T	     K		  Temperature			N              Node point at north of point P
T0	     K		  Operating temperature		P              Point P
t	     s		  Time				S	      Node point at south of point P	
Δt	     s		  Time step				sol	      Solid	
Δy	     m		  Layer thickness				Superscripts
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